I. Introduction and Background
ropellant slosh has been an issue from the inception of liquid rocket engines. Typically rockets are spun at a specified rotation after launch for stability purposes. Rocket upper-stages and satellites are spun for thermal control to ensure even heating of propellant tank caused by the Sun. Liquid propellant tends to swirl insides the fuel tank during these times. When coupled with resonance effects, sloshing increases tremendously causing attitude change of vehicle and impede fuel ingestion into engine intake. Sloshing problem in liquid rocket engines have been a concern since as early as 1960; there are many cited references where a space mission was either deemed failure or could not be fully completed due to sloshing problems in rockets or spacecraft and or satellites. For example, on April 26th, 1957 the second Jupiter missile AM-1B terminated flight at 93 seconds at an altitude of 27.3 kilometers due to propellant slosh [1] . As another example, an experimental test rig for Atlas Centaur 4 was deemed failure due to sloshing and spillage of liquid hydrogen propellant, the tank was later modified [2] .In another example, the NEAR satellite went into safety mode because of an unexpected reaction that was possibly due to propellant slosh after an orbital maneuver which caused a one year delay of the project [3] . Another example of dramatic propellant slosh problem occurred at the end of a yaw maneuver during the Apollo 11 first moon landing mission and additional thruster activity was needed for course corrections before the Lunar Lander finally landed at a different spot than originally planned [4] . In another example, NASA's spin-stabilized Applications Technology Satellite 5 (ATS5) began to wobble, sending the spacecraft into an unplanned flat spin and crippling the mission. The reason for was determined to be propellant slosh [5] . Finally, recently in March of 2007, SpaceX Falcon 1 vehicle tumbled out of control [6] . An oscillation appeared in the upper stage control system approximately 90 seconds into the burn and instability grew in pitch and yaw axes initially and after about 30 seconds also induced a noticeable roll torque .This roll torque eventually overcame 2nd stage's roll control thrusters and centrifuged propellants, causing flame-out of the Kestrel engine. There is high confidence that LOX slosh was the primary contributor to this instability. This conclusion has been verified by third party industry experts that have reviewed the flight telemetry [7] .
These examples show the lack of predictive capability for mission planners to accurately model slosh within a propellant tank during a critical maneuver such as docking of cargo vehicles or pointing of observational satellites. CFD models can be used to predict slosh events during a specified maneuver; however, confidence in the CFD tool predictions with experimental results is severely lacking. Florida Tech has been actively involved in slosh research since 2007; some of the activities include successful characterization of slosh on a 2-Degree of Freedom (DOF) motion table, drop tower testing, one sounding rocket test, and two three-day reduced gravity aircraft sessions [8] [9] . Although the series of ground experiments and trials on reduced gravity aircraft have provided valuable experimental data-set, there is a lack of long duration, low-gravity experimental liquid slosh data which can be used to benchmark the CFD models. Liquid behavior in micro-gravity is different from liquid behavior under the influence of the Earth's gravity and the need to capture the long duration, low-gravity liquid slosh data gave rise to the SPHERES-Slosh Experiment (SSE).
II. SPHERES Slosh Experiment (SSE) Overview
The primary objective of the SPHERES Slosh Experiment (SSE) is to acquire long duration, low-gravity liquid slosh data aboard the International Space Station [10] . The core of the SSE consists of a partially filled (with water) transparent tank fitted to a structural frame and two cameras (in orthogonal configuration) recording the liquid distribution. Two sets of Inertial Measurement Units (IMUs) are used to record the inertial measurements. The SSE utilizes the manifested SPHERES laboratory and will use the VERTIGO platform (already on-board the ISS). The SPHERES unit would propel the SSE and the VERTIGO units are used to record the caputured IMU /camera data on its local hard drive. Figure 1 shows the three elements (Slosh payload, SPHERES, and VERTIGO) that combine to form the SSE. The partially filled water tank is located within the backdrop and hood (labeled in Figure 1 ) to mimimize the interference of the external lights on image capture. Adequete lighting for image capture is provided via LED panels, installed within the Backdrop and Hood. The Slosh Avionics Box contains the IMUs and also provides power to the Camera and the LED panels through the VERTIGO unit. The Slosh Avionics Box also ensures that the captured IMU data and Camera data is recorded to the VERTIGO harddrive. Each of the Slosh Avionics Boxes connects to a VERTIGO unit. The VERTIGO-Slosh Avionics Box packages then connect to the SPHERES units via the SPHERES expansion port. Each SPHERES unit resides within the Frame Arm saddles and is clamped down during the SSE operation.
During the test sessions, the SSE will conduct translational and rotational maneuvers. The experiment will measure the resulting water behavior within the tank. Data obtained from the SSE will be used to calibrate numerical slosh models to improve the design and reliability of future rocket vehicles and spacecraft. An isometric CAD view of the SSE is shown in Figure 2 (top) and the manufactured SSE is shown in the bottom image. 
III. SSE Operation on the ISS
In order to complete the primary objectives, the SSE design is presented. The initial design is based on the scientific requirement, which is an experimental platform capable of measuring liquid slosh via an image acquisition system and a set of inertial measurement units. The final design is a culmination of many design iterations which satisfies the requirements set forth by the ISS office and NASA (for launch activities). The final design iteration also takes into account dynamics, kinematics, and CFD analysis to verify that the SSE is capable of producing detectable liquid slosh and capturing it. The SSE will perform three different maneuvers on the ISS at two different liquid fill levels (20 % liquid filled tank, and 40 % liquid filled tank) and a 40 % solid mass ( no liquid, dry weight, which mimic the mass and initial inertia of a 40 % liquid filled tank). The three maneuvers are as follows:
1. Settling thrust maneuver: Accelerate the motionless SSE on its major axis for a fixed duration and then apply reverse thrust to accelerate the system in the opposite direction. 2. Passive thermal control maneuver: Slowly spin the SSE on its minor axis to attain constant spin rate and settle the fluid. Following which thermal roll about the major axis while maintaining constant major axis spin rate.
3. Pitch to reorient maneuver: Spin the SSE about the minor axis to settle the fluid and make a sharp 45 degree turn out of the spin plane to 2 nd burn attitude. Figure 3 shows a notional overview of each maneuver.
Figure 3 Notional overview of the three maneuvers
A summary of analyses leading to the current design of the SSE is presented in the following sub-sections.
A. Summary of the Dynamics and Kinematics of the SSE
A dynamics analysis of the SSE is performed to verify its stability and a kinematic analysis is performed to quantify the behavior of the SSE due to an application of external forces. This behavior is sensitive to change in center of gravity (CG) and inertia matrix of the the SSE; hence, first the maximum CG shift due to location of fluid in the Slosh tank is computed, followed by a CG shift due to the changing fuel level in SPHERES CO 2 tank is quantified. This combination of CG shift due to the fluid location and changing fuel level provides a maximum envelope of CG shift for the SSE. Inertia matrixes from the maximum CG shift cases are examined and further cases are developed by changing the inertia matrix. A list of cases is developed, which include the baseline cases and different acceleration (or force) inputs are employed on list of cases. Using a MATLAB 6 degrees of freedom (DOF) [11] solver, the deviations in translation and rotation rates as compared with baseline cases are tabulated and plotted. These deviations are examined to check for the impact of CG and inertia matrix on a maneuver or acceleration input [12] [13].
B. Application of the Non-dimensional Parameters
Experimentation aboard the ISS needs a definitive approach, and the motion profile employed on the SSE needs to have semblance to rocket upper-stage maneuvers. Three typical rocket upper-stage propellant maneuvers are examined. A literature study was performed and relevant data was gathered and tabulated. The literature review yielded an operation range of the rocket upper-stages. The operation range of the SSE was identified, which also included the constraints of experimentation on ISS. The two distinct operations were mapped via non-dimensional parameters and regime influences were analyzed. Specific results from this study were:
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C. Summary of the Numerical Study of the SSE
Numerical simulations were performed to analyze the liquid behavior and quantify the deviation with a solid counterpart. Figure 4 shows the sample CFD results of Passive Thermal Control (BBQ Roll) maneuver. This figure is a compilation of input and results for this maneuver. Figure 4a shows the sample input thrust profile for this maneuver. At time equals zero, a positive torque applied in +y direction for a duration of 10 seconds, followed by a positive torque in +z direction for an additional 10 seconds. The SSE is allowed to coast for another 20 seconds and changing liquid distribution is monitored. Specific results from the numerical study are as follows: 1. Liquid distribution within the Slosh tank before the start of experimentation on the ISS needs to be known apriori. A random liquid distribution captured by the camera is a challenging input to CFD simulation and results of CFD and experiment depend largely on getting the correct initial condition. A target initial condition study was initiated, where a random liquid distribution would be forced to a known initial condition. Three favorable initial conditions were identified and labeled as IC1 (liquid in end-cap), IC2 (uneven split of liquid in either of end-caps), and IC3 (liquid coated to tank walls). IC1 was attainable through an abrupt acceleration and retarding motion for a distance of a longitudinal length of the tank. IC1 and IC2 were attainable through spinning on minor axis and the magnitude of torque and duration determined the initial condition that would be achieved. IC3 was tough to achive in numerical simulations. 2. Based on the guidance from kinematics study and non-dimensional mapping study, a variety of motion profiles were developed for a specific maneuver. Comparison of fluid simulation with a frozen liquid (solid) simulation to quantify the deviations in position, velocity, acceleration, rotation rates, and angular acceleration were accomplished. An optimized motion profile was developed for each maneuver based on conclusions from this study. 3. A fill volume sub-study was also performed in tandem to find the optimal fill volume for the SSE. A 20% to 40% fill volume was determined to be ideal range for experimentation; hence, two sealed tanks, one with 20% fill volume of water and another tank with 40% fill volume of water will be sent to the ISS for experimentation. 4. An optimized list of motion profiles for three different maneuvers was derived from the numerous numerical simulations performed. Each session is approximately 5.5 hours, which includes assembly and disassembly of experimental platform (including SPHERES and VERTIGO integration). This list also included a consumable usage to conserve the resources and not lose precious time in replacing the consumable during experimentation. Table 1 shows the three maneuvers to be performed by the SSE on the ISS. The three maneuevres will be repeated three times.
Table 1 Experiment List per Test Session
References [12] and [13] provide a detailed overview of the analyses performed and specific results obtained.
IV. SSE -Ground Testing
The goals of the SSE Ground Testing was to verify that the Slosh payload when combined with the SPHERES and the VERTIGO unit would function normally as intended. Major aspects of the Ground Testing was to verify the following:
A. Mechanical Fit Check
The mechanical fit check of the SSE was performed in three different operations. The first mechanical fit check was to verify the assembly of the manufactured Slosh payload was performed as per the CAD design intent. The second mechanical fit check was to verify the mechanical connectivity between the Slosh Avionics Box and the VERTIGO avionics stack. The third mechanical fit check was to verify the mechanical connectivity between the SPHERES and the Slosh Frame Arm. Figure 5 shows images of the successful mechanical fit checks. The verification for electrical integration is performed when the Slosh Avionics Box is connected electrically with VERTIGO. Upon the VERTIGO power 'ON', the following have to be achieved:
1. The camera connected to the Slosh Avionics Box is able to receive power, capture images and record image data on the VERTIGO hard drive. 2. The IMUs in the Slosh Avionics Boxes are able to receive power, receive inertial data and record that data to the VERTIGO hard drive. 3. The light panels in the backdrop and hood are able to receive power and operate nominally. The electrical integration was successfully accomplished on ground motion tables. The captured camera and IMU data was analysed post-electrical integration test.
C. Flat Floor Testing
The purpose of the flat floor test is to verify correct functionality of the integrated SSE, and to verify the impact of depleting SPHERES CO 2 propellant level and water tank fill level on the intended motion profiles of the SSE. In order to perform flat floor testing, the SSE must be mounted on an adaptor which is capable of levitating the experiment. Specifically, the flat floor adapter must be capable of levitating the mass of the SSE without binding on the flat floor for any of the motion trajectories being studied. The flat floor adapter must not require any design changes to the SSE and must not restrict the capabilities of the SSE. Figure 6 shows a sample image of the SSE on the flat floor table. The SSE shown in Figure 6 has ground units (not flight certified) of backdrop, hood, Slosh Avionics Box, which are used for ascertain the flat floor test procedures for the SSE.
Figure 6 Preliminary Flat Floor Testing
The key purpose of flat floor testing is to quantify the impact of CO 2 tank fill level on the SSE trajectory for each of the three motion profiles. The trajectories for translation (settling maneuver), rotation (passive thermal control maneuver), and combined rotation and translation maneuvers (pitch to reorient maneuver) will be executed with a single water tank for both equal CO 2 tank fill levels between the two SPHERES units as well as different CO 2 tank levels between the two SPHERES units. This process is then repeated again for a different water volume. The data acquired from these tests will provide an understanding of the sensitivity of the experiment to CO 2 and water fill volume as well benchmarking for the 6-DOF CFD and analytical models used to predict the behavior of the SSE trajectories. The impact of the CO 2 slosh on the trajectory deviation of the SSE during flat floor operation is also negligible; instead the CO 2 fuel imbalance changes the overall CG and inertia of the SSE and results in a different trajectory. The adapter used for levitating the SSE employs two large CO 2 tanks and the changing mass of this CO 2 used for levitation also changes the overall mass of the experiment. Therefore, the mass of the levitation CO 2 will be monitored through weight measurement and the updated total mass of the system will be used for trajectory analysis. The SSE Flat Floor testing is currently underway and scheduled to be completed by mid-July 2013.
V. SSE -Flight Safety Review
The Typically the Phase III FSR is held to verify the completion of analysis, testing, and relevant waivers for payloads flight certification. All the applicable hazards for the Slosh payload have been addressed either by analysis, testing, and or procurement of official waivers. A brief summary of applicable hazards, hazard controls, and verification method for the Slosh payload is provided in Table 2 . Flammability and offgassing assessment was performed as per NASA STD 6001B on the 3D printed plastic components of the SSE. All the components of the SSE are either Materials and Processes Technical Information System (MAPTIS) approved, have passed flammability and offgassing assessment and or deemed acceptable by analysis.
A sharp edge inspection of each individual component, as well as the assembled experiment, was conducted to verify that edges, corners, or protrusion geometries are in compliance with SSP 51700 Section 3.22.1, Sharp Edges and Corner Protection. A nylon glove test was used to perform this verification.
Requirements for touch temperature are based of SSP 50005, section 6.5.3, where a minimum temperature of 4 ºC (39 ºF) and a maximum temperature of 45 ºC (113 ºF) is passable for any components susceptible to temperature changes. The Touch Temperature testing was performed at NASA MSFC, EMC/EMI facility for the flight Slosh hardware articles in the ISS configuration (complete operational SSE assembly). Temperature readings were taken at pre-defined locations on the surface of the SSE. The temperature readings were taken every five minutes after the SSE startup for a total duration of 60 minutes. The detailed procedure for performing the Touch Temperature is defined in the Touch Temperature Test Plan, which was reviewed and witnessed by Government personnel. The touch temperature ranges of the Slosh hardware are within the prescribed temperature limits as defined in SSP 50005.
The lens of the camera is susceptible to shattering during launch or stowage due to vibration loads. Each camera will be stowed in a double bag configuration, where the inner most bag is optically clear so that a crew member can visually inspect the camera lens prior to opening the bag. If a crack exists or the lens has been damaged, the camera is not removed and will not be used. The Slosh hardware was vibration tested in its stowage configuration (bubble wrapped and packed in class III triple CTB and tested to a maximum flight random vibration envelope as specified in SSP 50835 ( 2-4) . All the three axis of the triple CTB was vibration tested for a duration of 180 seconds per axis (Qualification standard or three time the duration of proto-flight standard). The lenses of the camera were in no way damaged during the vibration test and the cameras continue to function as intended (post-vibration). The LED panels in the Hood and Backdrop were not damaged or shattered during the vibration test. The structural integrity of the Slosh tank was not damaged and there was no leakage present post vibration.
An EMI test for Radiated Emissions (RE02) was performed on the operational SSE at NASA MSFC, EMI Test Facility. The entire SSE (SPHERES/VERTIGO/SLOSH system) complement was subjected to Electromagnetic Emissions testing as specified in SSP 30237 and SSP 30238.
The power source for all electronic equipment in the SSE is supplied by VERTIGO's internal battery. The Slosh Avionics Box consists of 4 pairs of LEDs on the external surface that provide visual confirmation regarding the proper functionality of the various internal components. The colored LEDs provide a quick visual feedback to the operator confirming that the box is working properly. If the LEDs indicate the box is not working, a replacement box will be installed on the experiment and the defective box will not be used. In the order of operations, two red LEDs indicate an incoming voltage of 5V and 12V from VERTIGO ( Figure 7) . Two green LEDs indicate proper circuit protection and the power output for camera/lighting system and IMUs (Figure 7) . Two yellow LEDs indicate input commands to the IMUs. Finally, two blue LEDs indicate data being received from the IMUs. For example, a non-lit green LED would indicate problems with the circuit protection line. This would result in no power output to the corresponding system as the box is designed to prevent any power distribution in case of hardware failure. Table 2 .
The verification for Structural Failure of Vented Container was performed using the criteria outlined in the standard hazard document. The criteria states that the ratio of the total volume of the container to the open vent area should be less than 2,000 in. The total volume of the Slosh Avionics Box is 242.5 cm 3 (14.8 in 3 ) and the vent area is 0.32 cm 2 (0.05 in 2 ), which provides a volume-to-area ratio of 296 in, and results in a factor of safety of over 6.
The PSRP combined the Standard hazard 15 and 16 with additional hazards to form a unique hazard titled "Leakage of the Slosh Tank". The unique hazard required pressure testing the tank to maximum delta pressure of 1.5 atms, review of manufacture procedure, review of fill procedures and evaluating the toxic rating of the liquid contained in the Slosh tank. The Slosh tank was pressure tested for a 1.5 atm pressure differential to verify the structural integrity. Structural integrity was verified through a leak test and visual inspection for cracks. Four different types of pressurization tests were completed and summary of the results are provided below:
1. The first pressure test is a gradual increase of pressure within the Wet Slosh tank (full of water) from ambient pressure to a pressure differential of 1.5 atmospheres (22.0 ± 1.0 psig). The gradual increase of pressure took 80 seconds. The increased internal pressure was held constant for 60 second duration and the tank was then inspected. Result: PASS 2. The second pressure test is a rapid increase of pressure within the Wet Slosh tank from ambient pressure to a pressure differential of 1.5 atmospheres (22.0 ± 1.0 psig). The rapid increase of pressure took 0.5 seconds. The increased internal pressure was held constant for 60 second duration and the tank was then inspected. Result: PASS 3. The third pressure test is a gradual increase of pressure within the Dry Slosh tank (no water) from ambient pressure to a pressure differential of 1.5 atmospheres (22.0 ± 1.0 psig). The gradual increase of pressure took 80 seconds. The increased internal pressure was held constant for 60 second duration and the tank was inspected. Result: PASS 4. The fourth pressure test is a rapid increase of pressure within the Dry Slosh tank from ambient pressure to a pressure differential of 1.5 atmospheres (22.0 ± 1.0 psig). The rapid increase of pressure took 0.5 seconds. The increased internal pressure was held constant for 60 second duration and the tank was inspected. Result: PASS Besides the Standard hazards and the unique hazard, the PD had to perform a collision analysis for a scenario in which the SSE would strike the walls of the ISS. The PD also had to verify (analysis and testing) the effectiveness of the clamp mechanism (which secures the SPHERES unit with the Slosh Frame) during a potential collision scenario.
VI. Conclusion
The primary objective of the SSE is to acquire long duration, low-gravity liquid slosh data aboard the ISS. This paper presents a progress update of the SSE, which is scheduled to be launched in December 2013 and perform experiments during increment 37-38. An initial check-out session will be done to ensure all components of the SSE are functioning as intended. There are three allotted session for the SSE; a 20% liquid fill level tank will be used for session 1 (three maneuvers as defined in Table 1 ), a 40% liquid fill level tank will be used for session 2 (three maneuvers as defined in Table 1 ), and a 40% fill level solid mass tank will be used for session 3 (three maneuvers as defined in Table 1 ). The experimental data acquired will be part of NASA Kennedy Space Center (KSC) Launch Services Program (LSP) Slosh catalog, which will be openly available to fluid slosh researcher in industry and academia.
